ABSTRACT Domestic chickens are valuable sources of protein associated with producing meat and eggs for humans. The gastrointestinal tract (GIT) houses a large microbial community, and these microbiota play an important role in growth and health of chickens, contributing to the enhancement of nutrient absorption and improvement of the birds' immune systems. To improve our understanding of the chicken intestinal microbial composition, microbiota inhabiting 5 different intestinal locations (duodenum, jejunum, ileum, cecum, and colon) of 42-day-old broiler chickens were detected based on 16S rRNA gene sequence analysis. As a result, 1,502,554 sequences were clustered into 796 operational taxonomic units (OTUs) at the 97% sequence similarity value and identified into 15 phyla and 288 genera. Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Cyanobacteria were the major microbial groups and Firmicutes was the dominant phylum in duodenum, jejunum, ileum and colon accounting for > 60% of sequences, while Bacteroidetes was the dominant phylum in cecum (>50% of sequences), but little in the other four gut sections. At the genus level, the major microbial genera across all gut sections were Lactobacillus, Enterococcus, Bacteroides, and Corynebacterium. Lactobacillus was the predominant genus in duodenum, jejunum, and ileum (>35%), but was rarely present in cecum, and Bacteroides was the most dominant group in cecum (about 40%), but rarely present in the other 4 intestinal sections. Differences of microbial composition between the 5 intestinal locations might be a cause and consequence of gut functional differences and may also reflect host selection mediated by innate or adaptive immune responses. All these results could offer some information for the future study on the relationship between intestinal microbiota and broiler chicken growth performance as well as health.
INTRODUCTION
Chicken intestinal tract is composed of duodenum, jejunum, ileum, cecum, and colon, which are inhabited by various bacteria, methanogenic archaea, fungi, and viruses (Qu et al., 2008a; Yeoman et al., 2012) . Different intestinal regions are distinguished from each other in the morphology and function (Nakao et al., 2015; Pan and Yu, 2014) . It is well known that gut microbiota play an important role in body health and growth, by impacting the intestinal villus and crypt morphology, feed digestion and nutrient absorption, the development of the immune system, the production of energyrich short-chain fatty acids (SCFA), vitamin synthesis, and the proliferation of intestinal pathogenic bacteria C 2016 Poultry Science Association Inc. Received May 12, 2016. Accepted September 2, 2016. 1 Corresponding author: yanghua806@hotmail.com (Oakley et al., 2014; Mohd Shaufi et al., 2015; Waite and Taylor, 2015) .
In the other hand, intestinal flora disturbance in poultry can result in poor intestinal health such as increased susceptibility to infectious disease and pathogen colonization, which imposes significant constraints on the development of poultry production and can lead to serious losses for the farmer and contamination of the poultry products provided for human consumption (Corrigan et al., 2015) .
Extensive studies have been conducted to disclose the most abundant microbial community of the chicken gastrointestinal tract (GIT) by using culture-dependent approach (Barnes, 1979) , DNA fingerprinting method (Liao et al., 2012) and polymerase chain reaction (PCR) -based sequencing (Gong et al., 2007; Sekelja et al., 2012) .
New advances, primarily in DNA sequencing technologies, make it possible for increased understanding of microbial communities in various environments (DiazSanchez et al., 2013; Waite and Taylor, 2014) . Most of these studies are focused on cecum and feces, as the chicken ceca are considered to be of highest importance in chicken health and are major pathogen reservoirs, and feces are easy to acquire (Qu et al., 2008b; Singh et al., 2012; Stanley et al., 2014) . Moreover, to the best of our knowledge, one paper has reported the spatial heterogeneity of bacterial community in the intestinal tract of chickens by using high-throughput next-generation sequence, but it was based on just 3 chickens (Choi et al., 2014) . Larger sample sizes are needed due to the high level of variance in chicken intestinal microbial community composition among individuals (Stanley et al., 2013) .
Thus, despite a rather well-rounded view of intestinal flora, little information is available to clarify the observed spatial variations of intestinal microbes up to now due to the dearth of large-scale data.
In this study, we aim to perform a comprehensive assessment of the spatial patterning of microbial communities in the healthy chicken GIT in individuals by high-throughput sequencing. Since duodenum , jejunum, ileum, cecum, and colon are the major gut regions, where microbiota contribute to poultry productivity and disease resistance (Oakley, Lillehoj, Kogut, Kim, Maurer, Pedroso, Lee, Collett, Johnson and Cox, 2014) , the microbial diversity and community composition are investigated from these 5 different intestinal regions of chickens.
MATERIALS AND METHODS

Birds, Diets, and Sample Collection
Broiler chicks (Ross 308) obtained from a commercial hatchery were raised in a rearing pen under standard commercial conditions with environmental control. A commercial broiler diet was supplied ad libitum for 42 d, at which time 8 male birds with a body weight (BW) close to mean BW were selected randomly and euthanized by cervical dislocation. After dissection, intestinal tracts were removed from the carcasses immediately and luminal contents of the duodenum, jejunum, ileum, cecum, and colon were collected and labeled Du1-Du8, Je1-Je8, Il1-Il8, Ce1-Ce8, and Co1-Co8, respectively. Then the intestinal contents were immediately frozen in liquid nitrogen and stored at −80
• C until using for the isolation of metagenomic DNA.
All animals involved in the experimental procedures were approved by the Animal Care and Use Committee of Zhejiang Academy of Agricultural Sciences.
DNA Extraction, 16S rRNA Gene Amplification and High-Throughput Sequencing
Total genomic DNA from each gut content sample was extracted by the QIAamp DNA Stool Mini Kit (QIAGEN, Valencia, CA) according to the manufacturer's instructions and stored at −80
• C. The integrity of the 40 DNA samples was assessed visually using 1.0 % (w/v) agarose gel (containing ethidium bromide) electrophoresis. The variable regions V3-V4 of the 16S rRNA gene were amplified using the broadly conserved PCR primers: 338 F (5 ACTCCTACGGGAGGCAGCA-3 ) and 806R (5 GGACTACHVGGGTWTCTAAT-3 ). The PCRs were performed in triplicate using 20 μL reaction system with 5 μM each primer, 10 ng DNA template, 4 μL 1× FastPfu Buffer, 2.5 mM dNTPs and 0.4 μL FastPfu Polymerase (TransGen Biotech, Beijing, China). The PCR amplification conditions were 1 cycle of 95
• C for 2 min (initial denaturation), followed by 25 cycles of 94
• C for 30s (denaturing), 55
• C for 30s (annealing) and 72
• C for 30s (extension), and finally 1 cycle of 72
• C for 5 min (final extension). PCR products from the same sample were pooled together and visualized on a 2% (w/v) agarose gel electrophoresis containing ethidium bromide, and purified by DNA gel extraction kit (Axygen Scientific Inc., Union City, CA). Purified Amplicons were quantified by QuantiFluor TM -ST (Promega, Fitchburg, WI) and pooled together with an appropriate proportion to sequence using Illumina MiSeq platform.
Sequence Analysis and Phylogenetic Classification
All the raw sequences obtained from Illumina MiSeq were firstly filtered for quality control to get operational sequences. As a result, reads with length < 50bp, ambiguous bases, overlap < 10, mismatch rate > 0.2, mismatches within barcodes or mismatches > 2 within primers were discarded firstly.
Sequence data was treated by read trimming and identification of V3-V4 sequences, and sets of sequences with ≥ 97% identity were defined as an operational taxonomic unit (OTU). The reads from filtered OTUs were processed using the QIIME, version 1.8, analysis pipeline as described previously (Suez et al., 2014) to construct a representative sequence for each OTU.
The defined OTUs were assigned to different taxonomic levels (phylum and genus) at a cutoff of 97% comparing with the SILVA database (SILVA version 1.8). Moreover, the clustered OTUs were also used to construct the rarefaction curves and calculate the Shannon and Simpson diversity indices, abundancebased coverage estimators (ACE), Chao 1 richness, and coverage percentage by Good's method. The Venn diagram with shared and unique OTUs was used to portray the similarity and difference among the 5 intestinal regions of chickens. The Venn diagram was generated using the R package (http://www.R-project.org/). Principal coordinate analysis (PCoA) was conducted based on the weighted Unifrac distance (Oberauner et al., 2013) .
Statistical Analysis
Changes in bacterial abundance were analyzed by repeated measures ANOVA analysis accompanied with Tukey's honestly significant difference post-hoc test. Statistical analyses were carried out in Graohoad prism Program (version 5.0.1). The differences were considered to be significant at P < 0.05. Results are presented as means ± standard deviation (SD).
RESULTS
The Microbial Complexity
A total of 1,502,554 sequences were obtained from 40 samples with the number of sequences ranging from 16,980 to 58,026 per individual after filtering for quality, and clustered into 85 to 416 OTUs for each sample, resulting in a total of 796 OTUs for all samples at the 97% sequence similarity value (Supplementary Table 1 ).
The microbial complexity in duodenum, jejunum, ileum, cecum, and colon was estimated on the basis of alpha-diversity indices (Chao1 index and Shannon index). The Chao1 was used to estimate species richness; Shannon's index was used to indicate species diversity. As shown in Supplementary Table 1, the richness of microbiota in cecum was highest, and followed by duodenum, colon, jejunum, ileum, while the microbiota in duodenum was more diverse and followed by cecum, jejunum, colon, ileum.
Microbial Community Composition
The rarefaction curves tended to attain the saturation plateau showing that the microbiota of the 40 samples were large enough to estimate the phenotype richness and microbial community diversity at the 97% similarity threshold (Figure 1 ).
All sequences were classified into 15 phyla, although 5 phyla were most common (> 1%): Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria and Cyanobacteria (Figure 2A ). Firmicutes accounted for >60% of the reads obtained from duodenum, jejunum, ileum and colon, significantly higher than that in cecum (∼40%; Figure S1 ). However, Bacteroidetes was the dominant phylum in the cecum accounting (>50%), but in the other 4 gut sections of broiler chicken representing less than10%. Proteobacteria was highest in duodenum (>20%), and significantly less in jejunum, ileum, cecum, and colon representing less than 10%. Actinobacteria was most dominant in ileum, followed by jejunum, duodenum, and colon, with nearly none in the cecum. The number of Cyanobacteria in jejunum was significantly higher than that of ileum, duodenum, colon, and cecum ( Supplementary  Figure 1) .
At the genus level, the sequences from the 40 samples were identified into 288 genera and in which 57 had relative abundance > 1% ( Figure 2B ). The major Du1-Du8, for duodenum; Je1-Je8, for jejunum; Il1-Il8, for ileum; Ce1-Ce8, for cecum; Co1-Co8, for colon. microbial genera across all gut sections were the Lactobacillus, Enterococcus, Bacteroides, and Corynebacterium. In addition, Lactobacillus was the predominant genus in duodenum, jejunum, and ileum, accounting for over 35% of total sequences and even over 60% in some samples, but was found rarely in cecum. Enterococcus also was a dominant genus in ileum and colon, accounting for about 30%; Bacteroides was the most dominant group in cecum, accounting for about 40%, whereas it was uncommon in the other 4 intestinal sections. Moreover, Corynebacterium was higher in ileum, followed by jejunum, duodenum, and colon, and nearly none was found in cecum ( Figure 2B , Supplementary Figure 2 ). Individual differences existed between samples from the same gut section ( Supplementary  Figure 2) .
Shared and Unique Microbial Populations
To investigate the gut microbial community in different GIT sections, pairwise comparison of microbial similarity among the 5 chicken gut sections was performed, as well as analysis of the common and unique OTUs was conducted, shown in the Venn diagram. Shared OTUs are those present in at least 30% of each compared chicken gut section samples, and unique OTUs were defined as those only present in more than 30% of one chicken gut section samples and absent in the other 4 gut sections.
A total of 147 OTUs were shared by the 5 chicken gut sections, whereas the number of OTUs only presented in one chicken gut section varied from 5 to 115. More OTUs (147 to 399) were shared by 2 to 4 chicken gut sections, and unique OTUs were less than 20, except 71 in cecum and 115 in jejunum (Figure 3) . 
Similarity in Microbial Community Composition
The similarity and difference of microbial community composition in 40 intestinal content samples taken from the 5 gut sections of 8 broiler chickens were shown in the PCoA plot with PC1 accounting for 45.17% of the total variation and PC2 accounting for 20.89%. As a result, microbial communities of duodenum, jejunum, ileum, and colon formed clusters, respectively, but there are overlaps among the 4 clusters, and microbial communities of duodenum, jejunum, and ileum were more similar; while microbial communities of cecum formed a distinct cluster separate from that of other gut sections ( Figure 4A ).
The hierarchically clustered heat map analysis associated with the similarity of microbial community composition was performed at the phylum level disclosed the richness and diversity of bacterial communities in the gut content of each sample. The microbiota composition of each section intestine showed obvious similarity, Firmicutes, Proteobacteria, Actinobacteria, Cyanobacteria and Bacteroidetes were the dominant phyla, in which Firmicutes was dominant in duodenum, jejunum, ileum and colon, whereas Bacteroidetes was the dominant phylum in cecum, Actinobacteria and Cyanobacteria were nearly none absent cecum, which is in accordance with the results of bar graph of species distribution. Tenericutes and Deferribacteres were almost entirely limited to cecum and Chloroflexi was almost absent in cecum ( Figure 4B ).
DISCUSSION
Domestic chickens are the common poultry producing valuable protein sources associated with meat and eggs for humans (Tang et al., 2014) . The comprehensive characterization of normal chicken intestinal microbial communities is a critical precondition to understand and predict the alterations in these communities related to feed physiological state, so we conducted this study to elucidate the microbial communities in chicken intestinal tract.
A large microbial community inhabits the GIT and plays an important role in chicken growth and health, through enhancing nutrient absorption and strengthening the immune system (Choi et al., 2015) . Bacterial colonization in gut begins immediately after chickshatch. However, the intestinal microbiotic composition is influenced by many factors such as the surrounding environment, dietary supplementation, pathological conditions, antibiotic therapy, breed, genetics, age, and others (Cisek and Binek, 2014; Corrigan et al., 2015; Lumpkins et al., 2010) .
The chicken intestinal microbiota has been characterized by various methods, from culture-based analysis to recent molecular methods including 16S rRNA gene sequencing and DGGE (Dumonceaux et al., 2006) . Some papers have reported that the diversity and functions of chicken intestinal microbiota are almost related to the microbiota inhabited in ileum and cecum, that the ileum is a main site of nutrient absorption while the cecum is mostly a site of fermentation, and thatmicrobial communities were more diverse in ceca (Bjerrum et al., 2006; Mohd Shaufi et al., 2015) . In our study, we examined the microbiota in duodenum, jejunum, ileum, cecum, and colon of broiler chicken supplied with commercial diet through 16S rRNA gene sequencing.
Chao1 and Shannon indices showed that the gut microbiota of cecum was much more diverse, while the microbiota of ileum was of the lowest diversity, which was in accordance with the results that microbiota in cecum were more diverse than that in ileum performed in previous studies (Bjerrum et al.,2006; Dumonceaux et al., 2006; Mohd Shaufi et al., 2015) .
Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria and Cyanobacteria were the major phyla for the 5 gut sections of broiler chicken in which Firmicutes was the dominant phylum. However, Bacteroidetes was the dominant phylum in the cecum, although rare in the other 4 sections. In addition, the number of Proteobacteria was highest in duodenum, but this phylum was significantly less abundant in jejunum, ileum, cecum, and colon. Moreover, Actinobacteria was most dominant in ileum, and followed by jejunum, duodenum, colon, and cecum, but the number of Actinobacteria in cecum was significantly less than that of the former 4 intestinal regions. The number of Cyanobacteria in jejunum was significantly higher than that of ileum, duodenum, colon, and cecum, which was different from Wei and colleagues' study that Firmicutes and Bacteroidetes, Proteobacteria and Actinobacteria were the most predominant phyla in cecum, and Firmicutes was dominant, accounting for approximately 78% (Wei et al., 2013) .
The major bacterial genera across all gut sections were the Lactobacillus, Enterococcus, Bacteroides and Corynebacterium. Furthermore, Lactobacillus was the most predominant genus in duodenum, jejunum and ileum, but occurred rarely in cecum. This was in accord with Bjerrum and coleagues' results that the chicken ileum was dominated by lactobacilli and Dumonceaux et al.'s result that the small intestinal microbiota were dominated by sequences from the Lactobacillales (Bjerrum et al., 2006; Dumonceaux et al., 2006) ; however, it differed Mohd Shaufi et al.'s results that Clostridium, Bacteroides, and Lactobacillus were dominated in ilea, accounting for 47 to 70%, 2 to 20%, and < 4%, respectively, as well as Lu and colleagues' study that the sequences obtained from ileum were related to Lactobacillus (∼70%), followed by Clostridiaceae (11%), Enterococcus (6.5%) and Streptococcus (6.5%) (Lu et al., 2003; Mohd Shaufi et al., 2015) . Enterococcus was also the most dominant genus in ileum and colon; Corynebacterium was higher in ileum, followed by jejunum, duodenum, and colon, with nearly none in cecum. Major bacterial genera in cecum were quite distinct from duodenum, jejunum, ileum, and colon, especially from the former 3 gut sections. Bacteroides was the dominant group in cecum, whereas it was found rarely in the other 4 intestinal sections. In the contrast, Lactobacillus, Enterococcus, and Corynebacterium were abundant in duodenum, jejunum, ileum, and colon, and almost absent in cecum. Alistipes, Ruminococcaceae, and Faecalibacterium were obviously higher in cecum and colon, while Escherichia-Shigella was the only genus which was nearly abundant in the all 5 gut sections. All these findings were different from Lu et al.'s study that cecum was dominant by Clostridiaceaerelated sequences (65%), followed by Fusobacterium (14%), Lactobacillus (8%), and Bacteroides (5%) (Lu et al., 2003) .
The Venn diagram showed that the 5 gut sections shared many OTUs (147-399), but unique OTUs were less, only < 20 in duodenum, ileum, and colon, while 71 were in cecum and 115 in jejunum. The shared OTUs in cecum appeared to be a lot fewer, indicating that the function of duodenum, ileum, and colon varies significantly from that of jejunum and especially from that of cecum. The results of PCoA suggested that only microbial community in cecum formed a distinct cluster and separated from that in other gut sections. Which reveals that intestinal microbiotal composition of cecum was different from that of duodenum, jejunum, ileum, and colon, and shows less individual difference. In the other hand, microbiotal composition of duodenum, jejunum, ileum, and colon appeared to share some similarity, which agrees with Lu et al.'s finding that gut microbiota compositions were different both in individuals and different intestinal sections (Lu et al., 2003) .
The hierarchically clustered heat map analysis showed that the intestinal microbiotal composition of duodenum, jejunum, ileum and colon appeared to be obviously similar, but was different from that of cecum. Firmicutes was dominant in duodenum, jejunum, ileum, and colon, whereas Bacteroidetes was the dominant phylum in cecum. Besides, Actinobacteria, Cyanobacteria were abundant in duodenum, jejunum, ileum, and colon, whereas nearly none in cecum. Moreover, Tenericutes and Deferribacteres were almost only present in cecum. Heat map analysis suggested the microbiotal composition and abundance were different among the 5 gut locations, which might be due to that each of different gut locations has its own function for the body, and different gut microbes contribute to different gut functions.
Lactobacillus has been reported as probiotics for chicken growth performance and weight gain, and involved in the production of some essential vitamins as well as metabolism and recirculation of intestinal bile acid. Our findings show that the Lactobacillus is more common in duodenum, jejunum, ileum, and colon, indicating Lactobacillus contribute to the intestinal functions related to nutrient absorption. Similarly, Bacteroides plays an important role in breaking down complex molecules to simpler compounds and Ruminococcus is known to be related to polysaccharide degradation and utilization in chicken intestines; Bacteroides and Faecalibacterium are suggested to involve in the decrease of regulatory T-cell expansion and the stimulation of anti-inflammatory cytokine production (Chang et al., 2016; Dubin et al., 2016; Mohd Shaufi et al., 2015) . We find that Bacteroides is more abundant in cecum, while Ruminococcus and Faecalibacterium are richer in cecum and colon, revealing the function of cecum and colon by the role of Bacteroides, Ruminococcus, and Faecalibacterium play in the chicken growth and health.
Small intestine has been reported to function in nutrient absorption while cecum is primarily involved in fermentation (Mohd Shaufi et al., 2015) . In addition, we find that microbiotal composition and abundance in the 5 intestinal locations are different from each other, indicating that different intestinal microbiotal compositions could influence intestine function.
In conclusion, each gut location plays a unique role in nutrient digestion and absorption, maintaining immune system, resisting pathogens, and strengthening body health. Moreover, different gut microbial compositions result in different gut function. At last, all these results could offer some useful information for the future study to understand and predict the feed physiological state of chicken through the alterations of intestinal microbial communities, which might contribute to the development of poultry husbandry. SUPPLEMENTARY DATA Figure S1 . Spatial distribution of microbial composition along the chicken intestinal tract at the phylum level. Figure S2 . Spatial distribution of microbial composition at the genus level along the chicken intestinal tract. Table S1 . Overview of sequencing results of each sample. The number of analyzed sequences, clustered OTUs, estimated OTU richness (Chao1 and ACE), diversity index (Shannon and Simpson), and coverage percent for 16S rRNA microbiota of the different samples at 97% similarity. Du1-Du8 intestinal content of the 8 individuals of duodenum, Je1-Je8 intestinal content of the 8 individuals of jejunum, Il1-Il8 intestinal content of the 8 individuals of ileum, Ce1-Ce8 intestinal content of the 8 individuals of cecum, Co1-Co8 intestinal content of the 8 individuals of colon.
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